It is proposedthat 1TByte/in3 canbe achievedon magnetic tape by using 0.125 rnil tape and 1 Gbit/in 2 areal recording density. It is noted that 1 Gbit/in 2 areal recording density has already been achieved on a magnetic disk [C. Tsang et al., IEEE Trans. Magnet., MAG-26, 1689 (1990 it is interesting to note that a storage density of 1 TByte/in 3 would make it possible to store 500 GBytes in a Quarter Inch Cartridge and 40 GByte in a RDAT cartridge.
A storage density of 10 Gbit/in 2 on a magnetic disk drive would make it possible to store 150 GBytes in a 3.5-inch disk drive having 12 disks in it, or 1.5 GBytes on a single 1-inch disk. A data rate of about 15 MByte/sec could be achieved from the 3.5-inch disk by spinning it at 3600 rpm or from a 1-inch drive by spinning it at 10,800 rpm.
With a storage density of 10 Gbit/in 2, a 3.5-inch drive will probably be as large a disk drive as one would desire to build.
A capacity of 150 GBytes is a lot for one spindle and larger disks would make the data rate too high for the semiconductor channel electronics.
One inch or smaller drives are likely to be the high volume products when such storage density is available.
Although magneto-optic disk drives could in principle be made equally as small as hard drives, it is doubtful that they will use media smaller than 2 inches, because the media is removable.
Smaller removable disks would be too easily lost. At 10 GBit/in 2 a 2-inch disk could store about 6 GBytes.
Since magneto-optic recording uses a lower linear bit density than magnetic recording, a disk rotation rate of 10,800 rpm would be necessary to achieve a data rate of 10 MBytes/sec, still slower than a 1-inch magnetic hard disk spinning at the same speed.
Scaling Magnetic Recording Technology
The width of a recorded transition in magnetic recording media is affected by the media properties, the head field gradient and demagnetizing effects, as illustrated in Fig. 2 In magnetic tape recording systems, the head runs in contact with the tape. Even so a finite head-to-medium spacing results as the head moves from asperity to asperity on the tape surface.
To achieve a very small head-to-medium spacing, the tape must be very smooth.
Magnetic hard disk systems built today use an air bearing to fly the head slightly above the surface of the media. Head-to-medium spacings of the order of 4 microinches (100 nm) are being used today. To achieve 10 Gbit/in 2 recording density it is expected to be necessary to also run disk heads in contact with the medium. One approach to achieving this is illustrated in Fig. 4 The metal evaporated media was assumed to be less than 2b/3 in thickness in order that the transition length parameter a be less than b. Unless the media thickness is reduced to 40 nm, demagnetizing effects will limit the recording density to less than 200 kbpi in metal evaporated media with a remanent magnetization of 1000 kA/m (1000 emu/cm3).
The transition length parameter for a possible 10 Gbit/in 2 thin film disk medium is calculated in Fig. 7 and compared to parameters of media used in the 1 Gbit/in 2 recording demonstration by IBM [C. Tsang et al., IEEE Trans.
Magnet., MAG-26, 1689 MAG-26, (1990 ]. With a (1,7) code, a recording density of 300 kfci yields a linear bit density of 400 kbpi and a bit spacing of 83 nm. A head-to-medium spacing of 20 nm (0.8 microinch) and a medium thickness of 10 nm (0.5 .....• ,,,,.,v,,,,.,,,'_^_-_ ensu'-e. ,_t_.._.thp_ .... _n_c.ln_. ..... o In._s does not become significantly worse than in the 1 Gbit/in 2 demonstration. Both the media remanent magnetization and coercivity are increased, yielding a transition length parameter of 14 nm for the 10 Gbit/in 2 media. This is well below the bit spacing of b = 83 nm. This relationship may be used to calculate the maximum coercivity which may be recorded with a given recording head as shown in Fig. 9 . It is seen there that, in a 100 nm thick tape medium and using a head-to-medium spacing of 25 nm (I microinch), the maximum coercivity recording tape media which may be written with a recording head having a gapwidth of 200 nm and a magnetization of 800 kA/m is 138 kA/m (1720 Oe); whereas, ff the magnetization were increased to 1600 kA/m, media with coercivity as high as 275 kA/m (3440 Oe) could be used. 
ULTRA

HIGH DENSITY THIN FILM DISK MEDIA
Scaling of Magneto-Optic Recording Technology
A schematic diagram of a magneto-optic recording system is shown in Fig. 12 Fig. 15 . A possible approach to sector servo which would allow narrower track pitch than continuously grooved media.
Techniques to increase the areal bit density of magneto-optical recording by more than the factor of 50 illustrated in Fig. 13 include magnetic and optical super-resolution. With these techniques it is possible to exceed the limit of resolution determined by focussing optics alone. Magnetic super-resolution makes it possible to write and read marks smaller than the optically resolvable spot size even while using a large head-to-media spacing. Optical superresolution uses an aperture, smaller than the diffraction limit, in very close proximity to the magneto-optic medium to define the spot size. This latter technique requires a similar headto-medium spacing as magnetic recording to achieve an equivalent bit spacing.
Magnetic super resolution is achieved by using multilayer exchange coupled media like that shown in Fig. 15 Although areal storage densities are high, the volumetric storage densities are less than in rigid magnetic disk drives containing multiple disks. Data rates and access times are currently about a factor of two or three times slower than on rigid disk drives, and costs at the drive level are higher than for rigid disks.
The technology, however, is young and both cost reductions and improvements in storage density and performance are expected. Higher numerical aperture objectives, improved signal processing, improved track following servos and shorter wavelength laser sources combined with improved media for short wavelength recording are expected to increase the storage density.
Over an order of magnitude improvement is likely. Both higher bit density and higher spindle rotation rates will lead to higher data rates. The higher spindle rotation speed will also shorten the latency time.
A removable 2 inch magneto-optic disk which will store a few GBytes of data with data rates and access times only slightly poorer than those of rigid magnetic drives appears likely by the year 2000. The use of magnetic and/or magneto-optic super-resolution could eventually lead to magneto-optical drives with areal storage densities well beyond 10 Gbit/in 2.
